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ABSTRACT
We present stacking analyses on our ALMA deep 1.1 mm imaging in the SXDF using 1.6 µm and 3.6 µm
selected galaxies in the CANDELS WFC3 catalog. We detect a stacked flux of∼ 0.03–0.05 mJy, corresponding
to LIR < 1011 L⊙ and a star formation rate (SFR) of ∼ 15 M⊙ yr−1 at z = 2. We find that galaxies brighter in
the rest-frame near-infrared tend to be also brighter at 1.1 mm, and galaxies fainter than m3.6µm = 23 do not
produce detectable 1.1 mm emission. This suggests a correlation between stellar mass and SFR, but outliers
to this correlation are also observed, suggesting strongly boosted star formation or extremely large extinction.
We also find tendencies that redder galaxies and galaxies at higher redshifts are brighter at 1.1 mm. Our field
contains z ∼ 2.5 Hα emitters and a bright single-dish source. However, we do not find evidence of bias in
our results caused by the bright source. By combining the fluxes of sources detected by ALMA and fluxes
of faint sources detected with stacking, we recover a 1.1 mm surface brightness of up to 20.3± 1.2 Jy deg−2,
comparable to the extragalactic background light measured by COBE. Based on the fractions of optically faint
sources in our and previous ALMA studies and the COBE measurements, we find that approximately half of
the cosmic star formation may be obscured by dust and missed by deep optical surveys, Much deeper and wider
ALMA imaging is therefore needed to better constrain the obscured cosmic star formation history.
Subject headings: galaxies: high-redshift—galaxies: evolution—submillimeter: galaxies—cosmic background
radiation
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1. INTRODUCTION
The extragalactic background light (EBL) is a measure of
the radiative energy production from star formation and black
hole accretion throughout the history of the universe. It is now
known that the optical and far-infrared (FIR) portions of the
EBL have comparable integrated strengths (e.g., Dole et al.
2006), implying that a large amount of the rest-frame UV ra-
diation is absorbed by dust and reradiated in the FIR. In order
to understand the star formation history and accretion history
fully, it is thus crucial to map the high-redshift dusty galaxies
that give rise to the FIR EBL.
Numerous deep imaging surveys have been carried out
in the millimeter and submillimeter (mm/submm) from the
ground and in the FIR from the space, to detect and study
the FIR sources (see Casey, Narayanan, & Cooray 2014 and
Lutz 2014 for recent reviews). However, because of the ef-
fect of confusion of single-dish telescopes, the vast majority
of the detected objects have infrared luminosity well above
1012 L⊙, corresponding to the bright end of the infrared lumi-
nosity functions. In the mm/submm, typically only 10%–40%
of the EBL is resolved into discrete bright sources by bolome-
ter array cameras (e.g., Barger, Cowie, & Sanders 1999;
Borys et al. 2003; Greve et al. 2004; Wang, Cowie, & Barger
2004; Coppin et al. 2006; Weiß et al. 2009; Scott et al. 2010;
Hatsukade et al. 2011). In the FIR, Herschel SPIRE sur-
veys are only able to directly resolve ∼ 15% of the 200–
500 µm EBL into bright sources (e.g., Oliver et al. 2010).
Imaging surveys in strong lensing clusters can nearly fully
resolve the mm/submm EBL (e.g., Cowie, Barger, & Kneib
2002; Smail et al. 2002; Knudsen, van der Werf, & Kneib
2008; Chen et al. 2013) and provide valuable insight into the
nature of the faint sources (Chen et al. 2014). However, the
sample sizes for the lensed faint sources remain extremely
small.
The advent of ALMA is transforming the studies of
mm/submm sources. ALMA does not only provide a pow-
erful means of following up the single-dish sources, but also
serves as a survey machine. In particular, ALMA has the com-
bination of high angular resolution and high sensitivity, the
two key elements required to detect faint galaxies beyond the
confusion limits of single-dish telescopes. In early ALMA
cycles, various small-scale continuum surveys have been con-
ducted (e.g., Umehata et al. 2015; Dunlop et al. 2016, here-
after D16). However, because of the limited observing time,
even these ALMA surveys did not reach the sensitivity re-
quired to fully resolve the EBL over large areas. Sources de-
tected in these ALMA surveys typically account for ∼ 40%
of the EBL (e.g., Hatsukade et al. 2016, hereafter H16; D16)
and the majority of the dusty galaxies remain undetected. One
way to break through the current sensitivity limit is, instead
of relying on contiguous ALMA mosaic survey, to exploit
the archived data where the individual pointings are suffi-
ciently deep and to look for serendipitously detected faint ob-
jects (Hatsukade et al. 2013; Ono et al. 2014; Carniani et al.
2015; Fujimoto et al. 2016, hereafter F16; Oteo et al. 2016).
Another way is to employ stacking analyses to obtain aver-
aged mm/submm properties of high-redshift galaxies (e.g.,
Decarli et al. 2014; Scoville et al. 2014, D16). Here we take
the second approach and present stacking analyses of near-
infrared (NIR) selected galaxies in our ALMA 1.1 mm sur-
vey in the Subaru/XMM-Newton Deep Survey Field (SXDF,
Furusawa et al. 2008).
Our SXDF-ALMA survey covers an area of 2.0 arcmin2
within the footprint of the Cosmic Assembly Near-IR Deep
Extragalactic Legacy Survey (CANDELS Grogin et al. 2011;
Koekemoer et al. 2011) in the SXDF. The extremely deep
HST WFC3 images provide large numbers of faint, NIR se-
lected, high-redshift galaxies for stacking analyses. In Section
2, we describe the ALMA and multi-wavelength data. In Sec-
tion 3, we describe the method of our stacking analyses and
the results. In Section 4, we first examine whether a bright 1.1
mm single-dish source in our field biases our measurements.
We then estimate the contribution to the 1.1 mm EBL from
the NIR and ALMA detected objects, compare our results
with previous studies, and discuss the implication. All magni-
tudes are given in the AB system, where mAB = 8.9−2.5log(F)
when flux F is in unit of Jansky. When we compare our 1.1
mm results with previous 1.3 mm and 870 µm results, we as-
sume F1.1 mm = 1.65×F1.3 mm (F16) and F1.1 mm = F870µm/2.5
(Oteo et al. 2016).
2. DATA
2.1. SXDF-ALMA Survey
The observations of the SXDF-ALMA Survey (Program
ID: 2012.1.00756.S; PI: K. Kohno) and the data reduction will
be described in K. Kohno et al. (in prep., see also, Kohno et al.
2016). Here we provide a brief summary and present the
ALMA image in Fig. 1 (left). We conducted Band 6 (1.1
mm, or 274 GHz) continuum imaging in the SXDF in ALMA
Cycle 1, with a 19-pointing mosaic, a total bandwidth of 7.5
GHz, and a total observing time of 3.6 hr. The field is se-
lected to cover a bright AzTEC 1.1 mm source and 12 z∼ 2.5
Hα-selected star-forming galaxies (e.g., Tadaki et al. 2015).
The calibration and imaging are performed with the Common
Astronomy Software Application package (McMullin et al.
2007). The visibility data were naturally weighted to produce
a CLEANed map with a synthesized beam of 0.′′53× 0.′′41
(PA = 64◦). In this work, we only consider the deep region
where the effective coverage is greater than 75% of the peak
primary beam response, indicated by the contours in Fig. 1.
This excludes a bright objects near the map edge (SXDF-
ALMA 3 in Yamaguchi et al. 2016). The area in this region
is 1.58 arcmin2 and the typical rms noise is 62 µJy beam−1.
There are 16 sources detected in this area at > 4 σ, and eight
sources at > 4.5 σ. Up to 1/3 of the > 4 σ sources could be
spurious, based on the number of negative peaks (H16), and
the number of spurious sources decreases to zero at > 4.7 σ.
2.2. Optical and NIR Data
Our stacking analyses are based on the WFC3 detected ob-
jects in the CANDELS catalog of Galametz et al. (2013). This
catalog includes Spitzer IRAC fluxes of the WFC3 objects,
extracted from the images of the Spitzer Extended Deep Sur-
vey (SEDS, Ashby et al. 2013) at the positions of the WFC3
sources (see Galametz et al. 2013 et al. for details). In Sec-
tion 3.3 we will show that the IRAC fluxes trace faint 1.1 mm
emission better than the WFC3 fluxes, and therefore the ma-
jority of our analyses will be based on an additional 3.6 µm
selection in the CANDELS catalog. The 5-σ limiting magni-
tudes in our ALMA area for the F160W and IRAC 3.6 µm
bands are approximately 27.0 and 25.3, respectively. The
IRAC fluxes were extracted at the WFC3 positions, so objects
can be assigned IRAC fluxes much fainter than the nominal
detection limits but with low S/N. In this work, we consider
objects fainter than m3.6µm = 26.0 undetected at 3.6 µm. Our
visual inspection of the IRAC images does not find any IRAC
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FIG. 1.— Our ALMA 1.1 mm image (left) and Spitzer IRAC 3.6 µm image
(right) from the SEDS (Ashby et al. 2013). White circles show the positions
of the 346 CANDELS WFC3 objects, and have 1′′ radii. Red circles show
the 16 > 4σ ALMA 1.1 mm sources. The area enclosed by the contours have
relative weights higher than the 75% primary beam response.
objects undetected by WFC3 (Fig. 1 (right)). Therefore, our
3.6 µm selection from the WFC3 pre-selected catalog is not
biased against any red objects.
There are 346 CANDELS objects in the 1.58 arcmin2 area
of our ALMA image, among which 151 of them have > 5σ
fluxes at 3.6 µm and 197 of them have m3.6µm < 26.0. We
adopt a 0.′′5 search radius (approximately the beam FWHM)
for our counterpart identification in this work. Among the
eight > 4.5 σ ALMA sources, four have CANDELS counter-
parts. They are discussed in more details in Yamaguchi et al.
(2016). The other four > 4.5 σ ALMA sources have 1.1 mm
fluxes of 0.22–0.32 mJy. These eight sources are not included
in most of our stacking analyses but they are included in our
analyses of the EBL contribution (Sec 4.2). In the 4–4.5 σ
range, there are eight ALMA sources, and only one has a
CANDELS counterpart. This implies either a high spurious
rate at 4–4.5 σ, or an extremely dusty population whose NIR
light is extinguished. Our analyses in H16 indicate a spurious
fraction of . 40%. This leaves roughly four real sources that
are highly obscured in the optical and rest-frame NIR.
We supplement the CANDELS NIR catalog with our own
photometric redshifts. The optical to 4.5 µm data used for
our photometric redshifts are similar to those included in the
Galametz et al. catalog, except that we also use the Galex
NUV data and our own CFHT MegaCam U-band data ob-
tained in a multi-year U-band imaging campaign for the
SXDF (W.-H. Wang, in prep). The photometric redshifts
have a very good overall accuracy of ∆z/(1 + z) = 0.026 on
Ks < 25.0 objects. Among the 346 CANDELS objects in
the ALMA area, 147 (42%) have reliable photometric red-
shifts whose χ2 are sufficiently low. The photometric redshift
completeness increases substantially to 89% at m3.6µm < 25.5.
In the bright end of m3.6µm < 23, 46 out of 53 sources have
photometric redshifts after we supplement three photometric
redshifts from (Caputi et al. 2011). Nearly all of them are at
z = 0.5–3.0.
3. STACKING ANALYSES AND RESULTS
3.1. Method
Our stacking analyses method is very similar to
those developed by Wang, Barger, & Cowie (2012) and
To, Wang, & Owen (2014) for Very Large Array images. To
avoid biases caused by the small number of brighter objects,
we exclude the four NIR objects that are detected at > 4.5 σ
by ALMA. We mask them and also the four > 4.5σ ALMA
sources that do not have NIR counterparts in the image.
This way, the > 4.5σ do not bias the measured fluxes and
noise in out stacking analyses, and our stacking results are
more representative to the faint 1.1 mm population. We
averaged the 1.1 mm images centered at the NIR objects, or
averaged the 1.1 mm fluxes measured at the positions of the
NIR objects. Averaging the images and fluxes should give
identical results, but the former allows us to examine the
image and to examine the averaged size of the objects. In the
stacked image, the mean background as well as background
rms can be directly measured. In the flux stacking, we
estimated the uncertainties with a Monte Carlo method. We
placed random apertures in the image and measured their
mean flux. The number of random apertures was identical to
the number of NIR sources. There is a finite probability for
random apertures to be located near bright objects. If their
fluxes exceed 4.5 σ, they are considered as “detections” and
removed from the random sample, just like what we do on
the NIR objects. When we estimate the total contribution
to the 1.1 mm EBL, we account for these detected sources
separately. We repeated this for 105 times and calculated the
mean and standard deviation of the 105 mean fluxes. The
mean is considered as a background value and subtracted
from the measured mean flux of the NIR selected sources.
This statistically removes the effect of faint confusing
sources and uncleaned sidelobes. The standard deviation is
considered as the uncertainty in the mean flux of the NIR
selected sources. Finally, to test whether our stacking results
may be biased, we injected artificial point sources to the
image with random positions. Each time we injected tens to
< 200 sources, measured their stacked fluxes, and repeated
104 times. We did not find any systematic bias in the average
of the 104 mean fluxes for input fluxes ranging from 0.005
mJy to 0.2 mJy.
3.2. Results of Image Stacking
We present stacked ALMA 1.1 mm images at the CAN-
DELS 3.6 µm sources in Fig. 2. If we simply stack all sources,
we do not reach a > 3 σ detection. This indicates that most
of the faint 3.6 µm sources do not exhibit strong dust emis-
sion. On the other hand, once we split the samples according
to their 3.6 µm magnitudes and stack, we see a clear trend
that brighter NIR sources are also brighter 1.1 mm sources,
on average. This is generally true in all the NIR bands from
F125W to 4.5 µm, and the tendency is stronger in the two
IRAC bands. We will describe this in more details in the
next subsection. From Fig. 2, it can also be seen that the
apparent 1.1 mm positions do not always exactly match the
NIR positions (circles in the figure). However, the offsets
are all smaller than our ∼ 0.′′5 ALMA beam in the top four
∆m3.6µm = 1 bins. This can be explained with the relatively
low S/N. If we stack all sources with m3.6µm < 23 (lower-right
panel of Fig. 2, which gives the maximum S/N, the offset dis-
appears.
Our stacked 1.1 mm flux for the 28 m3.6µm < 22 sources
is 〈F1.1 mm〉 = 0.067± 0.013 mJy. In Decarli et al. (2014),
the stacked 344 GHz for 85 K < 22 and F344 GHz < 1.2
mJy sources is 0.20± 0.06 mJy. This is fully consistent
with ours once our 1.1 mm stacked flux is scaled by 2.5×
(Oteo et al. 2016), given that in this magnitude range the typ-
ical K − m3.6µm color is ∼ 1.0. This is also comparable to
4 Wang et al.
4 sources
3.6m     = 19-20
6 sources
3.6m     = 20-21
18 sources
3.6m     = 21-22
45 sources
3.6m     = 24-25
40 sources
3.6m     = 23-24
21 sources
3.6m     = 22-23
59 sources
m     = 25-263.6
149 sources
3.6m     > 26
49 sources
3.6m     < 23
FIG. 2.— Stacked 1.1 mm images centered at CANDELS WFC3 sources
(small circles, D = 0.′′5) in various m3.6µm bins. Each panel is 5′′ on a side.
The brightness scale of each panel is from −2 σ to +4 σ. See Table 1 for σ and
stacked fluxes. Note that there are 11 > 4σ ALMA-detected sources without
WFC3 counterparts, and therefore not included in any of these panels.
the faintest stacked 350 GHz flux reached in (Scoville et al.
2014).
We measured the size of detected 1.1 mm emission in the
stacked images from the m3.6µm < 23 bin (〈F1.1 mm〉 = 0.050±
0.010) by fitting a 2D Gaussian distribution. The fitted Gaus-
sian has a FWHM of 0.′′76× 0.′′43, slightly larger than the
0.′′53× 0.′′41 synthesized beam. This suggests small source
sizes, probably only marginally resolved by the ALMA beam.
This is consistent with higher angular resolution ALMA stud-
ies of brighter sources (Simpson et al. 2015; Ikarashi et al.
2015) and also the stacking analyses in D16. However, given
the low S/N and the apparent offsets between the NIR posi-
tions and the stacked 1.1 mm positions in Fig. 2, we do not
think we can place a meaningful constraint on the source size.
We only use this result to guide our selection of flux aperture
size in our subsequent analyses.
3.3. Results of Flux Stacking
We move on to measure 1.1 mm fluxes at the positions of
the CANDELS sources and stack the fluxes. Based on the
above-measured source size, we adopted a relatively small
flux aperture, D = 0.′′5 (circles in Fig. 2). The aperture correc-
tion is derived based on the dirty beam assuming unresolved
sources. Such a small aperture gives higher S/N while still
enclosing most of the fluxes from unresolved and slightly re-
solved objects. It does not require different aperture correc-
tions for CLEANed and unCLEANed sources, since the clean
and dirty beams only become substantially different at dis-
tances greater than a FWHM. The major results are summa-
rized in Table 1.
In Fig. 3 we present 1.1 mm fluxes of individual galax-
ies and stacked 1.1 mm fluxes vs. magnitudes at U , F814W ,
F160W , and 3.6 µm bands. When the 1.1 mm fluxes are or-
dered according to the U-band magnitudes, we cannot obtain
detections with stacking analyses. Some of the brighter 1.1
mm sources are even not detected at U and therefore not in-
cluded in the U-band stacking analyses. This shows that the
unobscured star formation (traced by rest-frame UV) does not
strongly correlate with obscured star formation (traced by dust
emission at 1.1 mm). On the other hand, as we move to longer
wavebands, there is a tendency that objects more luminous in
the rest-frame NIR are brighter 1.1 mm sources. This trend
is the strongest at 3.6 µm. This is consistent with the results
in Fig. 2. The strong correlation between 3.6 µm magnitudes
and stacked 1.1 mm fluxes can be explain by a correlation
between stellar mass and obscured star formation. On the
other hand, ongoing star formation can also boost the rest-
frame NIR luminosity of galaxies and lead to a correlation
between 3.6 µm and 1.1 mm. However, this effect should be
even stronger in the optical bands (U and F814W in Fig. 3)
as young stellar populations are blue, and this is not observed.
Stronger dust extinction in the bright end may hinder this ef-
fect in the optical, but the lack of correlation between 3.6 µm
magnitudes and galaxy colors in the optical (which should be
more strongly affected by extinction) in our samples does not
support this scenario. Therefore, a correlation between stellar
mass and star formation is a more plausible and natural expla-
nation for the correlation between 3.6 µm and 1.1 mm. This
is consistent with the recent results in D16.
The above observed correlation between m3.6µm and
stacked 1.1 mm flux is not universal and is probably only ap-
plicable to faint mm/submm sources, on average. At least
two of the > 4.5σ detections (two brightest open diamonds
in Fig. 4) have 1.1 mm fluxes significantly above the correla-
tion. There also exist additional four > 4.5σ sources that do
not have counterparts in the CANDELS catalog and therefore
not included in Fig. 4. They should have m3.6µm > 26 and
thus are also highly above the correlation. Either dramatically
boosted SFR or extremely large extinction (or both) can ex-
plain these objects. Either of the possibilities should not be
surprising for bright mm/submm sources.
In the m3.6µm = 20–22 range, (24 sources) the stacked flux
of 0.057±0.014 mJy corresponds to an infrared luminosity of
∼ 9×1010 L⊙ for z = 2 if we adopt the luminosity-dependent
dust spectral energy distribution (SED) in Chary & Elbaz
(2001), or ∼ 3× larger if assume an Arp 220 SED. The star
formation rate (SFR) derived with the Chary & Elbaz (2001)
SED and a Kennicutt (1998) conversion is ∼ 15 M⊙ yr−1.
The values of infrared luminosity and SFR probed by the
m3.6µm = 22–23 stacking samples are 2× smaller, with a lower
2 σ significance. The above stacked SFRs should be diluted
by an unknown fraction of quiescent galaxies, otherwise the
face values are similar to the UV SFR of faint Lyman-break
galaxies.
We now focus on stacking analyses based on the 3.6 µm
magnitude as it provides the strongest 1.1 mm signal. Fig. 4
shows the measured 1.1 mm fluxes vs. 3.6 µm magnitudes.
Both Fig. 3 and Fig. 4 show that sources fainter than m3.6µm =
23 do not produce detectable 1.1 mm emission after stack-
ing (except for those ALMA detected sources without WFC3
counterparts). This does not change if we adopt photometric
apertures as large as 2′′, implying that the non-detections are
not caused by random positional offsets between the NIR and
the 1.1mm emission.
We estimate the contribution to the 1.1 mm EBL from the
stacked objects by dividing their integrated flux with survey
area (top panel of Fig. 4). At m3.6µm < 23, the cumulative con-
tributions are 5.67±1.07 Jy deg−2 from sources with < 4.5 σ
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FIG. 3.— 1.1 mm flux vs. U , F814W , F160W , and 3.6 µm magnitudes. The
small symbols and left-y-axis represent fluxes of individual objects. The large
filled squares with error bars and the right-y-axis represent stacked fluxes in
∆m = 1 bins. Large diamonds are individually detected > 4.5 σ sources
and are not included in the stacking analyses. Small diamonds are 4–4.5 σ
sources. Vertical dotted lines show the detection limits at U to 3.6 µm. Ob-
jects not detected in these bands are shown at m = 29.5 and their stacked
fluxes are shown at m = 29.25. The stacked results of the brightest F160W
and 3.6 µm bins are outside the range of the plots (see Fig. 4 for the 3.6 µm
one).
TABLE 1
RESULTS OF STACKING ANALYSES
NIR Sample N 〈F1.1 mm〉 (mJy) EBL (Jy deg−2)
m3.6µm = 19–20 4 0.131± 0.034 1.19± 0.31
m3.6µm = 20–21 6 0.072± 0.028 0.98± 0.38
m3.6µm = 21–22 18 0.052± 0.016 2.12± 0.65
m3.6µm = 22–23 21 0.029± 0.015 1.39± 0.70
m3.6µm = 23–24 40 −0.015± 0.011 −1.34± 0.97
m3.6µm = 24–25 45 −0.001± 0.010 −0.10± 1.03
m3.6µm = 25–26 59 0.004± 0.009 0.59± 1.18
m3.6µm > 26 149 −0.006± 0.006 −1.99± 3.26
m3.6µm < 23 49 0.051± 0.010 5.67± 1.07
Ks − m4.5µm < 0 18 0.044± 0.016 1.79± 0.65
Ks − m4.5µm = 0–1 23 0.029± 0.014 1.51± 0.73
Ks − m4.5µm > 1 8 0.131± 0.024 2.37± 0.43
z = 0–2 33 0.040± 0.012 2.70± 0.80
z = 2–4 13 0.097± 0.019 2.86± 0.56
NOTE. — All the values listed here do not include the four
> 4.5σ ALMA detected sources. The color and redshift sub-
samples only include m3.6µm < 23 objects.
ALMA fluxes, and 13.75± 1.12 Jy deg−2 from all sources.
The 1.1 mm EBL measured by the COBE FIRAS experi-
ments is 18.5 Jy deg−2 (Puget et al. 1996) or 25.1 Jy deg−2
(Fixsen et al. 1998). This range of 18.5–25.1 Jy deg−2 prob-
ably reflects the systematic uncertainty in the measurements,
and is the shaded area in the top panel of Fig. 4. Our recov-
ered EBL from all m3.6µm < 23 sources correspond to 60%
to 80% of the COBE values. We will further discuss this in
Section 4.
We can use stacking analyses to examine the 1.1 mm flux
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FIG. 4.— 1.1 mm fluxes and EBL contributions vs. 3.6 µm magnitudes.
Bottom panel: 1.1 mm fluxes of individual objects. The four > 4.5 σ de-
tections are enclosed by large open diamonds and they are not included in
the subsequent stacking analyses. The 4–4.5 σ ALMA-detected objects are
enclosed by small open diamonds, and are placed at m3.6µm = 27.5 if they
do not have WFC3 counterparts (11 sources). The vertical dotted line shows
the 3.6 µm detection limit. Middle panel: stacked flux and flux error in each
∆m3.6µm = 1 bin. Top panel: cumulative contribution to the EBL for from the
NIR selected objects. The open squares show the contribution from < 4.5 σ
fluxes. The solid squares show the contribution from all NIR selected objects
(i.e., including the four open diamonds in the bottom panel). We do not show
the individual 1.1 mm fluxes of WFC3 objects undetected at 3.6 µm (149
objects), and place their stacked flux and EBL contribution at m3.6µm = 27.
The horizontal bar includes the contribution of all > 4.0 σ ALMA sources
and this is an upper limit (see Section 4.2). The shaded band shows the range
of the 1.1 mm EBL measured by COBE.
as functions of NIR color on the 49 sources with m3.6µm <
23. In previous studies, it is shown that bright mm/submm
sources tend to be redder in the NIR and IRAC wave-
bands (e.g., Chen et al. 2016; and likely vice versa, e.g.,
Wang, Barger, & Cowie 2012; Caputi et al. 2014). Fig. 5 (a)
and (b) shows that this is also the case for faint sources (also
see Table 1). The four > 4.5 σ ALMA sources with NIR
counterparts all have moderately red F160W − m3.6µm col-
ors and extremely red Ks − m4.5µm colors. The stacked fluxes
also suggest a tendency that redder sources are brighter at 1.1
mm, although this is primarily driven by the sources in the
F160W − m3.6µm = 2–3 bin and Ks − m4.5µm = 1–2 bin.
Finally, we present the redshift dependence of the stacked
1.1 mm flux of the 46 sources with redshifts and m3.6µm < 23
in Fig. 5(c) (also see Table 1). The diagram remarkably re-
sembles that in Fig. 5(b), because the Ks − m4.5µm color al-
most monotonically increases with redshift (see, e.g., Fig. 1
in Wang, Barger, & Cowie 2012) at z< 3. Similarly, the trend
is primarily driven by the few sources at higher redshifts, and
the stacked fluxes of fainter objects are noisy.
4. DISCUSSION
4.1. The Bright AzTEC Source
Our ALMA field is not an unbiased blank field, as it was
chosen to include a bright, 3.5 mJy AzTEC source (S. Ikarashi
et al., in preparation). This source splits into two sources
under ALMA’s resolution (the two brightest sources in the
bottom panels of Fig. 4/5). The total flux of them measured
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FIG. 5.— Same as Fig. 4, but for 1.1 mm fluxes and EBL contributions vs. F160W − m3.6µm color (a), vs. Ks − m4.5µm color (b), and vs. redshift (c), for objects
with m3.6µm < 23. ALMA detected objects (open diamonds) are not included in the stacked fluxes and EBL contributions (open squares). Objects with no
reliable photometric redshifts are assigned z = −0.5.
by Yamaguchi et al. (2016) is 3.4± 0.18 mJy, consistent with
the AzTEC flux. They both show excess of emission in the
2315 nm narrow-band filter (Tadaki et al. 2015), suggesting
an Hα redshift of z = 2.53. This redshift is consistent with
their photometric redshifts (Yamaguchi et al. 2016) given the
large photometric redshift errors, but needs to be confirmed
with spectroscopy. We expect to enclose ∼ 0.1 such objects
in our ALMA field, based on its AzTEC flux and the blank
field AzTEC counts in Scott et al. (2012), if our field is ran-
domly placed. From this point of view, it is a rare object and
the over-density associated with it may bias our results. On
the other hand, if we look at them individually based on their
ALMA fluxes, we expect to find ∼ 0.3 and ∼ 0.8 sources in
our ALMA field based on the AzTEC counts. Then the exis-
tence of such sources in our survey may not be too surprising.
Nevertheless, it is possible that our stacking results are bi-
ased, especially in the area around the 3.5 mJy AzTEC source.
This concern arises from the result that bright mm/submm
sources are strongly clustered and reside in massive dark mat-
ter halos(e.g., Hickox et al. 2012; Chen et al. 2016). We can
test this with our data. In the ALMA studies of color-selected
sources in Decarli et al. (2014), the authors found tentative
evidence that galaxies within 200 kpc from bright 870 µm
sources tend to be also brighter at 870 µm. We do not detect
such a trend on the 3.6 µm sources in our ALMA field. In
Fig. 6, we show 1.1 mm fluxes vs. projected distance from
the bright AzTEC source (measured from the center of the
two bright ALMA sources) on m3.6µm < 23 objects. We see
no evidence of elevated 1.1 mm flux near the bright source
within the scales probed by our ALMA imaging. This does
not change even if we include fainter 3.6 µm objects. The
difference between the results here and those in Decarli et al.
(2014) could be caused by sample sizes (one bright AzTEC
source here vs. > 100 LABOCA sources in Decarli et al.).
We also investigate the number density of m3.6µm < 23
galaxies as a function of projected distance from the bright
AzTEC source. The result is shown in Fig. 7. There is a
2 σ over-density within 20′′ around the bright AzTEC source.
This over-density can be observed until m3.6µm < 24, and then
the area becomes under-dense in 24 < m3.6µm < 26. The
combined density distribution becomes more or less flat for
all galaxies with m3.6µm < 26. Moreover, using the photo-
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FIG. 6.— 1.1 mm fluxes of m3.6µm < 23 galaxies vs. projected distance
from the bright AzTEC source (measured from the center of the two bright
ALMA sources). Small symbols are individual fluxes, and solid squares with
error bars are stacked fluxes. The top-x-axis is the projected physical distance
at z = 2.53, the Hα redshift of the two bright ALMA sources.
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FIG. 7.— Similar to Fig. 6 but for surface density of m3.6µm < 23 galaxies.
The error bars are Poisson errors in the galaxy counts.
metric redshifts (∼ 30% complete at m3.6µm < 26), we found
that galaxies with photometric redshifts of < 2.0 contribute
21± 10 arcmin−2 to the surface density above the large-scale
average at r < 20′′. The over-density at r < 20′′ in Fig. 7
is thus primarily driven by galaxies unrelated to the AzTEC
source, and is probably a result of small number statistics.
We conclude that there is no solid evidence of over-density
around the bright AzTEC source. Even if the over-density in
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Fig. 7 is real, after being multiplied by the low stacked flux
shown in Fig. 6, it does not alter our results of mean 1.1 mm
fluxes of galaxies or the EBL contribution. In our discussion
below, we do not make special treatments to galaxies near the
AzTEC source. However, we consider results derived with
and without the two bright ALMA sources that compose of
the AzTEC source.
4.2. Resolved EBL
A key question we would like to address with our SXDF-
ALMA survey is how much of the 1.1 mm EBL can be di-
rectly detected (see H16) and recovered with stacking anal-
yses. An EBL contribution of 13.75± 1.12 Jy deg−2 is re-
covered if we include all NIR sources, which is shown by the
solid squares in the top panel of Fig. 4. We can further include
ALMA detected sources without NIR counterparts (i.e., not
included in the stacking analyses). The results are 16.1± 1.2
Jy deg−2 and 20.3± 1.2 Jy deg−2, respectively, for including
> 4.5σ and > 4σ sources. The latter is the downward point-
ing arrow in the top panel of Fig. 4 and the upper end of the
solid box in Fig. 8. All these values are upper limits for the
following reasons. First, our ALMA field is chosen to include
a bright AzTEC source. Based on the blank-field counts in
Scott et al. (2012), we expect < 1 such sources in our ALMA
field, no matter for a single, bright AzTEC source or for the
two ALMA sources that it splits into. Second, between 4–
4.5 σ, the combined effect of flux boosting (∼15%–20%),
spurious sources (. 40%), and completeness (∼ 70%) may
overestimate the contribution in the 4–4.5 σ interval (H16).
A more direct way to account for all the above effects is to
involve our number counts in H16, which took into account
the flux boosting, spurious fraction, and completeness. The
bright end of the counts in H16 is supplemented by single-
dish counts and not entirely based on the SXDF-ALMA data.
The H16 counts fitted with a Schechter function integrated to
0.2 mJy yield an EBL contribution of 9.2 Jy deg−2, which is
represented by the thick blue curve in Fig. 8. After remov-
ing sources already accounted for in H16, our stacked EBL
contribution from NIR sources without ALMA detections is
4.9 Jy deg−2. Therefore, the combined EBL contribution from
bright and faint sources is 14.1 Jy deg−2. This is the lower end
of the solid box in Fig. 8. This is comparable with the result
in D16, who also employ stacking analyses to supplement the
directly detected fluxes.
The solid box in Fig. 8 represents the range of resolved EBL
probed by our stacking of faint objects, plus two different
treatments of bright objects (total detected flux in our field
or adopting the wide-field bright-end counts). It is broadly
consistent with that in F16, who conducted the most thor-
ough search by far for serendipitously detected faint contin-
uum sources in deep ALMA 1.2 mm pointings in the archive.
The counts in F16 at a > 0.02 mJy level lead to an EBL con-
tribution of 22.9+6.7
−5.6 Jy deg−2, while we recover up to 20.3
Jy deg−2 of EBL at 1.1 mm with stacking analyses on a faint
population with 〈F1.1 mm〉 ∼ 0.03 mJy. The caveat here is that
the F16 sample includes 1.2 mm sources that are optically
faint, while our stacked signal comes from relatively bright
NIR sources (m3.6µm < 23). This leads to our next discussion
topic.
4.3. Optically Faint Sources
Once we detect the majority of galaxies that give rise to the
mm/submm EBL, we would like to ask what kinds of galax-
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FIG. 8.— Resolved 1.1 mm EBL. Our stacking analyses plus ALMA de-
tected sources in the SXDF is shown with the solid box. The top and bottom
ends of the box correspond to the upper and lower limits discussed in Sec-
tion 4.2. The horizontal position and width are the stacked flux and flux er-
rors, respectively, of the NIR sources in the m3.6µm = 22–23 bin. The dashed
box includes the contribution from a hypothesized optically faint population
discussed in Section 4.3. Color curves show the cumulative EBL contribu-
tions derived from Schechter fits to number counts in recent ALMA studies.
The thick portions of the curves indicate the flux range probed by these stud-
ies and the thin portions are the extrapolations. The cyan error bar is the 1.3
mm result from D16, scaled by 1.65× to 1.1 mm (F16). The shaded band
shows the range of the 1.1 mm EBL measured by COBE, and the middle
point is labeled as 100% along the right-y axis.
ies they are. Additional to color and redshift distributions of
these galaxies, of particular interest is the fraction of opti-
cally faint galaxies, i.e., galaxies missed by deep optical/NIR
surveys. This tells us whether the star formation history con-
structed from optically selected galaxies is representative, or
needs significant revision. We can gain insight on this by
comparing our results with the results of F16 and with the
COBE EBL values.
The EBL resolved by our ALMA imaging and stacking
analyses is still lower than the EBL measured by COBE. This
suggests a considerable fraction (anywhere between 0 and
44%) of EBL arising from sources fainter than the CANDELS
detection limit. Such extremely optically faint sources have
been found in previous surveys (e.g., Wang, Barger, & Cowie
2009), as well as our SXDF-ALMA survey (SXDF-ALMA3
in Yamaguchi et al. 2016). They are also hinted by the large
number of ALMA detected sources without CANDELS coun-
terparts (four out of eight for F1.1 mm > 4.5 σ). The optically
faint fraction (50%) is similar to that in F16 (41%).
Because of the above, we hypothesize an optically faint
population that is not picked up by our NIR selection. We
further assume that this population accounts for ∼ 41% of the
EBL from the faint end, based the optically faint fraction in
F16, for its larger sample size and higher ALMA sensitivity.
This means a completeness correction of 1/(1 − 0.41) to our
NIR stacked EBL. Once we do so, the solid box in Fig. 8
becomes the dashed box, corresponding to 17.5 to 24.2 Jy
deg−2. This is comparable to the range allowed by the COBE
measurements and the range probed/extrapolated by previous
number counts. We therefore conclude that an optically faint
fraction in the ballpark of 50%–60% is consistent with exist-
ing data for both the bright and faint ends of the 1.1/1.2 mm
population. If this is the case, then optical studies can only
account for some 50% of high-redshift star-forming galaxies.
The above studies demonstrate that with existing ALMA
data, we just barely can scrape the surface of the issues raised
by the resolved EBL and extremely dusty galaxies. Future
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ALMA deep imaging will be able to put better constraints on
the optically faint fraction as functions of mm/submm fluxes.
Ultimately, the accuracy in ALMA determinations of the EBL
contribution from discrete sources may even exceed that in
the COBE measurements. These will further transform our
understanding of the dusty side of the galaxy evolution.
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